[1] We report the first results of an extensive electromagnetic survey of the East Pacific Rise (EPR) at 9°50 0 N, which used the magnetometric resistivity (MMR) technique to measure the electrical resistivity structure of the seafloor in the vicinity of the spreading center. Ten seafloor magnetometers were deployed in areas of known hydrothermal activity, in axial sites devoid of venting, and further off-axis to a distance of approximately 4 km. Data collected at offaxis sites show higher seafloor resistivities than at axial sites. This response is opposite to that expected from porosity controlled resistivity structure, with a thicker high-porosity extrusive layer 2A off-axis, as required by seismic data. An explanation for the reduced axial resistivities is that the uppermost few hundred meters of crust are much hotter beneath the ridge crest than a few kilometers off-axis, lowering the pore-fluid resistivity.
Introduction
[2] The porosity and permeability structure of the oceanic crust, the fundamental physical properties which control hydrothermal circulation and regulate its behavior both in time and space [e.g. Rosenberg et al., 1993] , are poorly known. Variations in crustal structure beneath midocean ridges have been measured by a variety of geophysical techniques, most notably through seismic reflection, refraction and tomography. Changes in velocity structure along the ridge crest and across discontinuities in axial structure have been identified as thermal anomalies resulting from variations in patterns of hydrothermal circulation [Toomey et al., 1994; Tian et al., 2000] , while changes in velocity structure away from ridge axes have been explained in terms of differences in thickness of the uppermost extrusive layer of oceanic crust [Harding et al., 1993] . While seismic velocity is dependent on the thermal structure of the crust itself, it is not dependent on the temperature or salinity of circulating fluids. On the other hand, the electrical resistivity of the seafloor is sensitive primarily to the amount of seawater within the crust, how it is distributed, and its temperature and salinity. Because of this sensitivity, measurements of seafloor electrical resistivity can be used to infer patterns of hydrothermal circulation in the shallow crust, provided that a suitable experimental geometry is utilized.
[3] The MMR method is a logistically simple magnetic technique that involves two components: a vertical bipole source; and separate seafloor magnetometers as receivers [Edwards et al., 1981] . The method does not rely on induction, yet it differs from standard resistivity soundings because it can resolve the structure of a resistive seafloor under a more conductive ocean [Nobes et al., 1986; Evans et al., 1998 ]. In the presence of a layered Earth, the magnetic field generated by a bipole source is azimuthally symmetric and ''falls-off'' with distance from the source approximately as 1/r 2 [Edwards et al., 1981] . The amplitude of the magnetic field at the receiving site can be used to estimate the electrical resistivity of the seafloor. Experience has shown that the depth of resolution of the technique is about 1/3 the maximum source-receiver offset.
[4] Here, we report on the largest seafloor MMR experiment carried out to date. We deployed 10 seafloor magnetometers across the axis of the EPR at 9°50 0 N. Magnetometers were placed in a variety of settings: close to high temperature vents; on-axis but removed from active venting; and further off-axis ( Figure 1 ). We transmitted to these magnetometers from 200 locations, providing source-receiver separations in excess of 5 km on all instruments.
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[5] The section of EPR between the Clipperton and Siqueiros transform faults has been widely studied, with a substantial amount of work focused around 9°50 0 N. It is well known that a $500 m wide melt body underlies most of the ridge at a depth of about 1.5 km [Detrick et al., 1987; Kent et al., 1993] and is more or less continuous along strike, indicating a high degree of magmatic robustness. Near bottom camera tows have mapped venting and fissuring in and around the neovolcanic zone [Haymon et al., 1991 [Haymon et al., , 1993 Wright et al., 1995] . The segment of ridge between 9°45 0 N and 9°52 0 N contains a large number of high temperature vents, most of which are found towards the ends of the segment. The segment is also known to have erupted in 1991 resulting in an increase in hydrothermal venting activity [Haymon et al., 1993] . A suggested model for the high temperature component of flow consists of recharge in the adjacent ridge segments to the south and north, ridge parallel flow extending into the dike complex, and focused high temperature venting at the ends of the segment [Rosenberg et al., 1993] .
[6] A small aperture seismic tomography experiment at 9°50 0 N shows evidence for along-axis variations in crustal thermal structure linked with a fourth order ridge axis discontinuity at 9°52 0 N [Tian et al., 2000] . North of the discontinuity, where hydrothermal venting is absent, upper crustal velocities are raised, consistent with a cooler thermal structure. An alongaxis temperature variation of about 300°C within the sheeted dike complex can explain the difference in velocities across the discontinuity. Finally, a series of micro-earthquakes observed by ocean bottom seismometers has been interpreted as the result of thermal cracking induced by fluids mining heat from the conductive thermal boundary layer overlying the magma chamber [Sohn et al., 1999 [Sohn et al., , 1998 ]. The earthquake locations constrain GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 6, 10.1029 /2001GL014106, 2002 
Experiment and Data
[7] Transmission consisted of occupying a station for 30 minutes. During this time a square wave with an approx. 13 s period and with a peak current of 13 A was passed between an electrode at the sea surface and one just above the seafloor on the end of the 0.680 coax conductor ship's wire. Transmitting a squarewave allows easy identification of the transmitted harmonics above the ambient magnetic field variations.
[8] Magnetic fields were recorded on two kinds of instruments [Webb et al., 2001; Constable et al., 1998 ]. Precise positions for all the seafloor instruments were determined from acoustic surveying. The position of the ship was dynamically maintained during transmission to within 50 m of the station location.
[9] Amplitudes of the transmitted magnetic fields were determined for the transmission time-windows (Figure 2 ). Noise levels on each instrument were determined by analysis of non-transmission data windows. If the seafloor resistivity were a function of depth only, then data from each receiver would be indistinguishable from each other. In fact, we see significant differences in amplitude behavior between receivers. Most striking are the lower amplitudes seen on instruments further from the ridge crest, indicating more resistive structure a few km off-axis within the uppermost crust. All the axial instruments show higher amplitudes, and a lower degree of variability than amplitudes on off-axis instruments, both between instruments and between amplitudes on a single instrument. Amplitudes from all instruments are similar at ranges greater than about 4 km. To clarify these differences, we have averaged amplitudes from several instruments in 500 m range bins (Figure 3a) .
[10] Simple 1-D smooth inversions [Constable et al., 1987] of representative data from on-axis and a site 4 km to the west reveal the differences in resistivity structure between zero age and approx. 100,000 year old crust (Figure 3c ). Both models show low resistivity near the seafloor consistent with high shallow porosities. The on-and off-axis models differ greatly near 300 m depth, with the on-axis sites much less resistive.
The two models converge again near 1 km depth, corresponding to the convergence in the magnetic field amplitudes at ranges >4 km. While the act of averaging amplitudes is useful to exemplify first order differences between instruments, it removes the more subtle, and potentially important, variations in amplitude that arise from spatial variations in resistivity structure. Understanding the entire resistivity structure across the ridge-crest, including the potential effects of localised hydrothermal circulation and of the axial magma-chamber, will require a full 3-D treatment of the amplitude data that will be the subject of future research. For example, long-range transmissions sample larger volumes of seafloor, and also include transmissions both along and across the ridge crest. The effect of a deep conductor associated with an axial magma chamber could be significant for these data and not obvious to identify. Until this is done, we cannot be sure of structure below $1 km depth, where seismic and thermal models show evidence for strong lateral variations in temperature and melt content.
Discussion
[11] Seismic data show clear evidence for a thickening of layer 2A away from the ridge crest at 9°50 0 N. This layer has low seismic velocities, and is usually interpreted to be rubbly, high-porosity, extrusives. Models of 2A formation also include a higher percentage of low-porosity dikes near the seafloor on axis [Hooft et al., 1996 ]. Yet our data show lower resistivities near the seafloor on axis where shallow porosity is lower.
[12] There is substantial ambiguity in interpreting resistivity profiles in terms of temperature and porosity. Competing first order processes occur in the uppermost few hundred meters of seafloor that can impact the resistivity and cause changes in structure with distance away from the ridge: These include (1) pore-water cooling which increases its resistivity (2) layer 2A thickening resulting in changes in porosity with depth and with distance away from the axis (3) alteration and crack closure which reduce bulk porosity making the crust more resistive. Alteration can have two effects on resistivity: it lowers overall porosity and it Amplitudes for each receiver are shown using the same color symbol used for receiver location in Figure 1 , with circles for the ridge crest instruments and triangles for those off-axis. If the underlying seafloor were a uniform layered structure, amplitudes from different receivers would plot along the same amplitude versus range curve. The effect of differing seafloor resistivity is shown by the 1/2 space curves as labelled.
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0 N ON THE EPR might also reduce the pore-space connectivity reducing the effectiveness of seawater as a conductive phase [Gillis and Sapp, 1997] .
[13] We explain the lower axial resistivities by the presence of hotter pore-fluids beneath the ridge crest, offsetting the effects of porosity. The similarity in resistivity at depths around 1 km on-and off-axis points to a uniform temperature and porosity structure in the sheeted dike complex across the ridge to distances of at least 5 km. The low resistivities in our axial model do not suggest that our data have measured a region of seafloor with fluid temperatures greater than 350°C. This may be a resolution issue, with the effects of a thin resistive layer around 1 km, offset by the deeper conductive magma body. We also note that in the Lau basin [MacGregor et al., 2001] saw similarly low resistivities beneath the Valu Fa Ridge to depths of 3 km.
[14] Electrical resistivity profiles measured at 9°50 0 N are different to, and generally less resistive than, those measured further north at 13°N (Figure 3c) . A steep resistivity gradient was observed at 13°N, with significantly higher resistivities seen at depths around 1 km. Also, no difference in structure was seen between zero age and 100,000 year old crust (Evans et al., 1991) . In general, the structure at 13°N is consistent with high porosities near the seafloor falling rapidly to less than 1% around 1 km, with little evidence for substantial layer 2A thickening away from the ridge crest. These models are also consistent with fairly low crust and fluid temperatures, supporting the idea that the section of ridge immediately north of 13°N is magmatically quiescent and has been extensively cooled by circulating fluids.
[15] Another MMR experiment in the Cleft-Vance overlapping spreading center on the JDF, showed even lower axial resistivities (but similar off-axis structure) within the uppermost 600 -800 m of crust associated with a recent shallow dike intrusion event and subsequent high temperature fluid circulation [Evans et al., 1998 ] (Figure 3c ). This is despite the fact that the EPR at 9°50 0 N is significantly more hydrothermally active than the Cleft segment. One explanation for this is that hot fluids flow in spatially limited fissures on the EPR and have less impact on the bulk resistivity, whereas at Cleft the seafloor is more extensively faulted distributing hot fluids over a larger volume of seafloor. Figure 2) . Instruments on the ridge crest (circles) recorded higher magnetic field amplitudes to source-receiver distances of about 4 km, consistent with more conductive crust beneath the ridge crest. (b) Binned data from a ridge crest site (red circles) and the westernmost site away from the ridge (green triangles) with the fit to each (squares) for the resistivity models of (c) (solid red (onaxis) and green (off-axis)). Models for the EPR at 13°N (blue) [Evans et al., 1991] and for axial (red-dashed) and off-axis (green dashed) JDF [Evans et al., 1998 ] are also shown.
